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NOHLINEAR RESPONSE OF A POST-TENSIONED CONCR=TZ STRUCTURE TO STATIC
AND DYNAMIC INTERNAL- PRESSURZ OADS

T. A. Butler
J. G. Bennett

Los Alamos Scientific Laboratory
Los Alamos, NM

ABSTRACT

A nonlinear finite element model of a nuclear power plant
containment building was developed to determine its ul.imate pres-
sure capability under quasistatic and impulsive dynamic loads. The
ADINA finite element computer code was used to develop the model
because of its capability to handle concrete cracking and crush-
ing. Results indicate that, even though excessive concrete crack-
ing occurs, fallure is ultimately caused by rupture of post-
tensioning tendons.



NONLINEAR RESPONSE OF A POST-TENSIOWED COKCRETE STRUCTLR
AND DYNAMIC INTERNAL PRESSUKE LOADS

m

TO STATIC

T. A. Butler
J. G. Bennett

Los Alamos Scientific Laboratory
Los Alamos, NM

T. INTRODUCTION

During a postulateu meltdown acciden. in a pressurized water reactor
(PWR), the containment building is the iast linc of defense for protecting
the public from a release of fission products. Safety studies have indi-
cated that the principal contributor to the risk of containment failure
during a meltdown accident ic overpressura cenerated by steam and non-
condensable gases.] The overpressure loads are quasistatic in nature. A
secondary risk contributor is an impulsive transient load generated by a
hydrogen burn in the containment building. Tune purpose of this study was to
set lower bounds for containment failure for both types of loads. Sub-
sequently, a set point can be chosen for a pressure rclicef system for the
containment building.

The specific containment building that we investiualed ix a lichtly
reirforced, post-tensionea ':increte structure composed of a right circular
cylinder and a spherical dome (Fig. 1). A massive transition ring between
the cylinder dand dome serves as an anchor for post-tensioning tendons. The
interior of the building is 1ined with a 1/4 in.-thick (6.5%-mn) ductile
steel liner. The ultimate capability of the building is deterwined either
by the pressure at which the steel liner separates, previding an escape path
for fission products, or vy failure of the pust-tensioning Lendone.,

Decarse nonlinear and tiansiont response calculations were regiived, we
cnose to study the problem with the ADIRA finite elecent comsuter code’ op
the Los Alamos hcientit ic Laboratory (LASL) CEsY cooputer,



I1. CONTAINMENT BUILDING DESIGN

The containment building is a ligiitly reinfo~ced, post-tersionzd con-
crete structure with the basic dimensions shown in rig. 1. Vertical post-
tensioning in the cylindrical section is providea by 216 steel tzndons
anchcred at the base slab on the bottom and the trznsition ring on the top.
Post-tensioning in the hoop direction is proviagea by 579 tendcns that eech
span 1200. These are anchored in six vertical buttresses evenly spaced
around the building. All tendons are made or ninety 1/&-in,~/6-m)-diam
steel wires with an ultimate capacity of approximately 240 000 psi (1 660
MPa). The dome is post-tensioned by three groups of 63 tendorns each,
oriented at ]20o with respect to each other. These tendons anchor to the
cylinder-dome transition ring. Figures 2 and 3 show details cf the cylinder
intersection with the base slab and the dome end the tendon anchorages.
When the building is constructed, the tendons are stressed to 3C % of their
ultimate capability. They then perform at 60-65 % of their ultimate cap-
ability during the life of the structure.

The 1/4-in.-(6.4-mnm)-thick steel liner is a leak-tigh* meirbrane made of
ASTM nd442 Grade 60 carbon steel. This type of steel has a4 nominal elonga-
tion of 23% in 2 in., so the concrete to which it is anchored will have to
crack considerably and the associated steel reinforcement will have to yield
to allow the liner to stretch enough to fail. {ven though the steel is
ductile, some caution must be used when evaluating its response because il
is in a biaxial stress state and the ductility can be lower near dis-
continuities (i.e., anchor points) and weld scams.

fThe building was designed to withstand an internal quasistatic pressure
of 47 psig (V.32 MPa) with two basic desian criteria. The first was to
yuarantee the integrity of the liner plate under all loading ccnditions.
Second, the structure is to have a low-strain, elastic response such that
its behavior may be completely predictable under the required lcadings,

1T, STRUCTURAL M™NELING

The containment building analyzed here is not a truly d.icymnetric
structure because of the buttresses that run vertically from the fransiticn
ring to the base mat cvery 60°. Also, the tend noarranserent it the dove
has only periodic symmetry and is not troly aricyevotric, Altaoach it $g in

vovipus siaplication, we chose Lo model the ¢t oonwnt byibd o oy an



axisymsetric structure because of its near symmetry. An axisymmetric model
1s also a logical choice be.zuse of siza reuuirements for running nonlinear
and daynamic analyses. The quasistatic overpressure loads are natu~ally
axisymmetric. The impulsive transient pressure loads generated by a hydro-
gen burn are not necessarily axisymmetric. However, the choice of any other
loading distribution would be somewhat arbitrary. So, again, axisymmetric
loading was chosen for our initial studies.

Before wa determined the mesh fnr the ADINA model, we developed a simple
1inear model of the structure with an interactive linear finite element
code.? Data from this analysis, primarily internal load distributions,
not only helped in developing an optimum mesh, but provided valuable cata
for checking our ADINA calculations and understanding the results. Figures
4 and 5 show the internal moment distributions for the cylindrical and donk
sections of the building for certain loads and load combinations. In the
figures the moments are given as (in. - kip)/in. where 1 kip is ~qual to
1000 1bs (4 448 N). From the linear combination of the post-tensioning
moments ¢nd the moments due to an internal pressure of 47 psig (0.32 MPa),
we can determine that moment reversal occurs at the top of the cylindrical
section at approximately /0 psic (0.48 MPa) internal pressure. Moment
reversals occur at other key locations at higher pressures. These pressures
are 1mportant because the steel reinforcement in the concrete 1s lacated
preferentially to take maximum moments from post-tensioning with no Interral
pressure. Fven at the design accider! p=essure of 47 psig (0,37 Yba), trese.
mcements are lower and of the same siqr. When mona:nt reversal noiurs, the
structure is no longer ir a design load state.

The philosophy of the nonlinear axisymmetric mdel was to have a tairl:
accurate representation of the councrete and steel In the sidewall high
nwent regions and in the dome. ADINA was chosen for the finite cloment
analyses because 1t met ncarly all requiremenis tor teth wtatic an! avaa-
analyses with the exception ot having an axfsymsiatric sheii o lemr? i 2o
clemnt library. A nonlinear two-qinonsional shell elenent hat Jroaiaet,
heen developed and tested at L.‘-!:.L4 for Inclusion in the A7 (0w o 0 ol
library, and was implemented into the CRAY version of the ciafe- 0 @ thee
analysis. The mesh shown in Fly. b was doveloped using *he jaa s v
uescribed in Ref, 5 so that eventucl “esn reflperent ceuic 30 oan® atn "
corrird put. For an accuracy o %eustant, thic reen et 0 gy, 0
be o necessary stop.



The concrete material model used is the tensile r-zcring, compression
crushing, strain softening model described in kef. ©. 7Tre tensile cracking
mechanisic is implemented by examining the maximum principal stress at eacn
element integration point. If this stress exceecs thz uniaxial cutoff
tensiie stress, a failure plane (interpreted nere as 2 "cracked" plare) has
formead normal to the maximum principal strecs direciinn. The normal stiff-
ness acrcss this plane is decreased to a user-specified factcr times the
original stiffness. The shear stiffness at this integration roint is
similarly reduced. We used the 8-node isoparametric axisymmetric element
with a 3 x 3 array of integration poirts. A normal s:iffness reduction
faector of 0,000 1 and a shear stiffness reducticrn rzz:cr cf C.5 were used.
Table | sumrarizes the concrete material propertiecs. W= used *he sare
triaxial compressive failure envelope given in Pef. o.

The meriaions] sidewall tendons ware modeled ucin: three rrestrained
truss vlements for each tendon. These tendort rur €r-= the ring top ancner
puints to the dome sprinqg line, from tne spring line 10 tne bkrean in thic--
ness in the sidewall, und from this point to the hasc mat anchor point. 7wo
sidewall tendon sets were modeled in the wall interio- with tre area of each
set specified to be one-half the total tendon area in & one radian seqment
of the actual structure.

Tne meridional dome tendens were modeled with the prestrained trusses
pdssing through the ceater of the dome elements and anchored at the rirg
exterior, Edrch truss has a different area caiculated besed on its rav ..
pus ition in the dome, with the area being the full area in . ne radian
segment of the actual structure for the tendons runni:.: paraliel to the
mer idional coordinace plus the projected arey of yoth tendon <ots within the
o radian segment crossing at 60° to the meridiar,

The hoop tendons on the sidewall exterior were =odeled with prestratn.d
"rine" trusses of varying arca such that the terden eveg at cech oxterior
well node was based on the distance between nedal pe-itto in thae medel] and
the tendon arca in the actual structure. Dome hoep temfens were wimilarly
s lod ue ing prostrained ring trusses, Thee aves ot Ui tan sy (renning
the e idian in the one radlan segment was prejoet o0 e tne e g
direc tion, ALl tendons were specitiod to have an ot e 0 0 0 b
a yield stress of 7,10 |l)!1 pai (1.49 GPg), o0 e sl g ing

L RRNT B I IU!' pol (B9 nPa), The e 7 T



TABLE 1
CONCKETE MATERIAL PROPERTIES

Tangent modulus of elasticity at zero strain B x 106 nsi (35 GPa)
Poisson's ratio 0.2

Uniaxial cutoff tensile stress 500 psi (3.5 MPaj
Uniaxial maximum compressive stress E 500 psi (3t MPa;
Corresponding uniaxial compressive strain 0.002

Uniaxial vitimate compressive stress 4 000 psi (2€ MPa)
Corresponding ultimate compressive strain 0.003

elements after equilibrium is established for this initial strain varies
from about 147 000 psi (1.01 GPa) to 154 000 psi (1.0o uPa), wnich is
61-64 % of their ultimate strength. This value of post-tensionina is con-
sistent with that in the actual structure.

Reinforcement in the containment building is A!{TM A-47 steel with a
yield strength of 60 OU0 psi (4i4 MPa). In the cylindrical and Spherical
dome sections we represented the steel reinforcement with ring and truss
finite <lements. In the base slab, where the effect uf the steel is not so
critical, we modeled the reinfurcement more simplistically with shell fin‘te
elements. A1l of the reinforcement is located on the inner and outer node
points of the mesh (Fiq. 6). For both cases, the steel is constrained to
move with the concrete at cach node point simulating a perfect bond., “ow-
¢ ‘er, between node points, disniacement compatibility hetween the (nrcrete
and truss and ring clements does not exist.

The 1/4-1in. (6--mm) steel liner on the ‘nterior of the structure is
modeled with the axisymmetric nonlinedr shell element described in Fef, 4,
Youny's modulus in the elastic region is specificd to be 3¢ a WY e (o1
uPa). The yield strength 1s 37 OO psi (20 MPA) with a tanaent eodulus o0
1h5 QW psi (1.14 GPa).

Boundary conditions used for the m-del are shuwn in ! ig. 6. For this
study, the eftect of the soil pressurs on the outside of twe loewer portion
of the cylindrical wall was neglected. Also, while the static tewt de-
scrived in Ref. /7 indicates a slight amount of Lese o«lat mp Litt, we iadqed
that the failure pressure and mode of failure wenid not be signiticantly
int luenced if this boundary is assumed to be fixed.  Several other medel
limitations are as tollows:



- =y isymetric mudeling of a structure 1 -7 is or ', r=erly aaisy:-
netric.

u =uilcing penetrations are not mogelec.

¢ .rternal structure anc neavy egquipmen< “r:i =t e resentes,

u réndons are only approximately modelec ..°:h tre tructs representa-
tion, particularly on the dome regicn v-i-e trusczs a2re tied tc
~acr: concrete element for proper curve: .- -.

v The actual liner anchor spacing is no: ~coresentea; r.-ther the
iiner is attached to the concrete at eécr intericr node.
huhe vt these limitations is deemed serious eno.:! tu oraclude an appro-
pricte «isessment of e ultimate load carryirc [iecit, o lhe ygilading.,

bre o artuniatwa ZAPERIMERNTAL £VioEih(E

Jirutiural integrity tests performed on 2= - ctaie =2 L.ilasr

anc

¢

regarled inoxet, 7 pravidae g source of experire " ste w8t oaniln Lne
vt reugity can he Zompered.  The structara’ coteaoritn t=sl dr.aivec a
pressurization of the containment building to o< ;5ia f.-1lvaec Ly depressur-
1tyn. Leiectved displacement ddta and cracs : . veyS aere made curing this
Lenle Fiyure /7 snuws the locations ot the ertv’ s Beters used to measure
tadial arsilacement of the sidewall and verticai =isplacerant sf tne dume

® lative to the operdting floor. The ADINA mode) was loazec first witn the
qtavily iuaaing plus the tendon preload. “iiure . show: tne naximum princi-
pal utresy cuntours 1n the ring region from tnis iading, Locdl compressive
roglens Indilcative uf the tendon anchor peinte t - bnth cidongll tendons and
aam Lengony wan be readily 1dentified.

'wa b, ah Jnternal pressare of 54 psia ads 2 ed ty tne finite element
wnlt 3 ant the displacenents ot the nodes closest . the u:uge locations were
w DT OGGdrISun purpnses,  Tdhle [ shows trhe Allhe nodel predictions
S vl ed Fesponise.  oeviatiuns can be attric Lied o2 menhor of causes
el L% heaSurement error, tne material preiee T ast T tions tor cuncrete,

aln; Lhes apprua lmat ions waae i the finite olewe L wdeling, Titave 3 SHGAS

U g iegt v il stoesy cuntours in e e ticr rout s o for tris
Ve, AL e Tl # Ny, wnere PTE sbamds 0 0 wteter s o load,
Ciag arisun OF Fige o with 4 indicates tha® tow NUOOC e hinsiar g

bt led o odn dred higner on tae ring, e o T R A I



tension, incicating tne sign of the benging me-=-t there s stiil in trs

sense for which the structure wes desigrea.
TABLE I!

AOLhA MUOEL COMPARED 70 5& psic TDIT FEISLLTE

L7

sauge “ieasured (in.) Preaicticr 'ir.) Cevizticn i,

radial Displacement of Cyliriur seli

ni v.07 0.05 + 0.0¢
hz U.ls 0.16 + 0.0z
K3 0.14 0.lv - LU
14 v.14 G.37 - 0.

N5 0.05 0.0 -

vertical Jisplacement of Jore fror [orating “ier
ui U.3t 6.35 + L
174 0.42 V.24 + 004

Us .21 (037 + L8

hote: Positive deviation indicates <ni- 2easured liarlaccement
is greater than the predicted reuionse,

Vo STATIC RELPUNSE
ine luad=utep nistory snuwn in Fig, iu wal o0 tva o tme a4
determine tne ultimdie Capacity of tne structor,

‘e |; .I HYME . ‘ Lhtean the

manimuih BrinCipal streas Lontours in She frar et s v e e s s

JiL‘U [3 \I 9 + 'TL + -"-; Valygse .IL:.L‘ Lhatl Lre it ) P R L lat 'R
whitted tu She dinterics surtaces % L Lrgnerts 0 e T e e ey,
interior sidewail bow fris Gam iy Qersile Trgte T Tha oatert gy s

Ling noment S50 revercai peoocLouurred, b salngt ot e ar e ten 2 ripe

presuiably mer net denrmen, e a0 .. .
L TR B L P ¥ TR L N O S T o -



thet ragnitudes are approaching the maximum allowaniz <ersion in tn2 con-
crete un the inner surface. Between 91 and 92 psic, ECINF incicates that

wme  anurete cracks on the inner surface of the ring {Fiz. 3:.. Figure 14

i1l Ltrotes the new distribution of maximum tensile stresc as tensiie
stresses in the concrete are relieved. The mexitum tensiie areas now re-
Sistribuie to either side of the cracked region., =Zguilibrium is mgintainec
.y the steel reinforcing and the liner. T~or exarpie, tne stress ievei in
tne sreil usea to define material yield goes from & JuU psi (22 MPe) before
cracking to 17 GOU psi (117 MPa) imnediately after cracking. This stress
level is equal to three times the second invariant of the stress deviator
for a biaxiel stress state.

Tne celculation continued essentially unchanged tc 96 psig (0.66 MPa)
witn no further cracks developing. Between 96 psig (C.56 MPa) and 97 psig
{u.67 #Pa), a large part of the central portion of the cyiindrical sicewall
craces in the noop directiun. This cracking is causec by the larce membrane
iveds in the wall. Wwnhen the wall cracks, the load previously carried in the
concrete is transferred to the steel reinforcement anc post-tensioning
tendons, considerably increasing the lcads that they carry. The aross
craching of tne well alss changes the internal loaa distribution in the
structure enough to cause cracking from bending stresses at both sides of
the doume transition ring and near the bottom of the cylinarical sidewall
v7¢ in. (1.5 n) from its intersection with the base slab).

Lxcept for a few cracks closing in on? element in the transition ring,
the calculation remains unchanged in character to 103 psig (0.71 NPa). At
this internal pressure, the steel liner near the middle of the sidewall
slelds because of high streins in the hoop direction. Even though the liner
yields, it should remain intact because of its relatively high ductility
4uUi1 the steel reinforcement in the wall yields. Onca the reinforcenent
ci-1ds, tne concrete can separate, stretching the linsr and allowing sig-
riri ant shear deflections in the concrete and thus tre liner. [.irira the
Lresnare load history, the stresses in the hoop reinforcerent and cendons

togily increase but remain below the mzterial yield paints,

Sotween 163 psig (U.71 MPa) and 112 osig (0.77 “F:). *he 2ore ele cavale
5 d few aduitional cracks in the high roment regicnz,  Bowe,sr, n

vieldiny of the reinforcement has occurec so al! craci crenines ramais crall



and the steel liner is still intact though yielasz :t tnz cylingrizel cice-
wall., At a pressure of slightly over 112 psig L. /7 ™Pe), the ceiculaticn
experiences @ numerical instapility. This can prziidpiy be a.i-izuted te
caditional cracking of concrete, causing some previzusiy Jevelcsed Cracks s
close. Examinations of maximum principal stresses in the concrste at

112 psig (0.77 MPa) reveals imminent cracking at severel locatiors. In par-
ticular, an element near the base of the wall wil. zrack at cevaral inte-
gration points before an additional 0.1 psig (65C Fz} is applied.

Because the structure has not r-ached its faiiure point, based on steei
reinforcement and tendon stresses, we linearly extrapolated the ~DILA
stresses in key elements to approximate the most iixely failure pressures
for different failure modes. Table IIl presents thsz faiiure wmcdes elong
with an approx’mation of the maximum pressure for eich mcde. Tna2se esti-
nates have excluded the possibility that additiornai cracking of the concrete
4111 radically change the loads in the reinforcer=rt and tendors that are
riost likely to fail. This is a good epproximaticn, eszecially because thie
first failure mode comes from membrane induced stresses tnit ire not likely
to change with additional concrete cracking.

TABLE III
PREDICATED rAILURE MODES Ahl PRISSURES

Failure Mode Pressure
Tendon yield from excessive membrane 170 psig (6.3 MPa;
loadas in noup direction.

Liner f3ilure from excessive concrete
cracking accompanied by reinforcemenst
yield.

Sase of cylindrical wall | A O CHE IR SRS
Uome transition ring T R Y



VI. DYNAMIC RESPONSE

To assess the response of the containment structure to a hydrogen ex-
plosion, we performed a dynamic analysis u ing the moael described above.
The transient time history shown in Fig. 15 was applied as a pressure load-
ing to the entire interior (no spatial variation) of the containment. This
transient represents a 100 psig (0.7 MPa) peak pressurnr impulse that could
arise from a hydrogen burn followed by a long time overpressure thermal
effect. Calculations were also carried out with a 200 psig (1.4 MPa) peak
pressure dynamic load.

To help explain the calculated transient response, we obtained the first
five axisymmetric modes of vibration for the structure along with their
trequencies. The mode shapes and frequencies are shown in Fig. 16. The
fundamental, or lowest frequency, is 12.1 Hz and the mode shape involves the
massive dome ring moving with high bending regions to either side of it in
the cylinder wall and the dome. These modes were obtained with the struc-
ture in its configuration before post-tensioning. With the post-tensioning
effects present, the frequencies are expected to be somewhat 'ower. Also,
the modal data are éxactly applicable only when the structural resporse is
linear. As the concrete cracks or crushes end the stee! yields, these
trequencies will be even lower.

Figure 17 shows the displacement response of the dome apevy for the first
125 ms of building response to the 100 psig (0.7 MPa) pressure transient
described above. The apex translates vertically + 1.2 in. (30 mm) from its
equilibrium point ot =0.6 in. (15 mm). Frequency of response is dominated
by a mode with an apparent frequency of approximately 8 Hz. This is prob-
ably the fundamental mode with its frequency lowered by the post-tensioning
anu concrete cracking effects. In the model, we do not account for any
structural damping other than that coming from nonlinear material effects.
In reality, there is probebly 7-10% equivalent viscous damping for a struc-
ture of this sort. If this damping were considered, thi:: response would be
somewhat lower through the first cycle of the fundamental frequency.

Cracking of the concrete from this transient is severc. Fiqures 18 and
1Y show the developing crack pattern at the dome-ring intersection. The
first crack planc in the structure appears at time T = 10.1 ms as shown in
Fig., 18. By time T = 11.5 ms, the entire region is cracked in the manner
shown in Fig. 19. In general, during the transient response, most of the



structural concrete has undergone cracking, though many cracks close 3igain
to carry conpressive loading, Figure 20 illustrates the severity of the
cracking in the intersection region of the side wall and base slat. The
concrete in this region at time T = 40 ms huas cracaca completels through the
wall. Reinforcement strains at this time are smull, however, indicating
that the structure does not undergo shear failure.

The region near the apex not only cracks during the transient, but also
undergoes a ccmpressive crushing failure. For the concrete material model
that we used, this means the material no longer will carry load. It should
again be noted that we have made the reinforcement axisymmetric in the
model, whereas in the actual structure the reinforcement distribution is not
axisymnetric. This simplification could influence this mode of failure and
should be studied in some future analysis. Fiqure 21 shows the crushed
region at the apex of the dome.

The reinforcement remains elastic throughout the transient, indicating
that though severe damage to the concrete occurs, the load carrying ability
of the structure remains.

The liner unde}goes yield during the transient in the two regions in-
dicated on Fig. 21. The peak strains, however, remain below 0.13-0.14%.
Because of the large ductility of the liner material (23%), the liner will
not be breached, though further investigation of lccal strains near liner
anchors and more refined modeling are needed to resolve this question.

In gereral, the finile element model indicates that this transient will
damage the building beyond repair. However, the ability of the liner to
maiintain the internal overpressure remains, A repeat of the calculation
witn a 200 psi peak pressure indicated catastrophic failure ot the contain-
ment building because several tendons reach their ultimate load carrying
capacity.

V1T, CONCLLTONS

For a static ur quasistatic loading condition the containment building
concrete will tirat beyln to vrack at the transition ving between the cvline
drical walls and spherdcal dome at 9 psiyg (0,63 MPa)e Cracking continues
te 112 pyiu (U727 MPa) where o caloulational et bality oocgre, boees thie
point, Tincar eatrapolations of ADINA resnlts indicwte that the s trucla e’

Altimate pressure capabd ity ds 100 poig oo, 8T 0 0wt the tiv b tar i



iwde beinyg rupture of hoop tendons near the midpoint of the cylindrical side
wall, Fur tne dynamic loading used in the 100 psig (0.7 "Pa) peak calcu-
lation, the containment capability will reniain but the concrete will be
gamaged veycnd repair. We also applied a 200 psig (1.4 iPa) peak impulse to
this model. Although we did not run the calculation long enough to obtain
the peak building response, early time results predict catastrophic failure
of the structure.
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NOWLINEAR RESFORNSE OF A POST-TEARZI.WZ2 CCONIRETE.,..

T. A. Butler
J. G. Bernett
Los ~lamos Scientific Labcritory

FIGURE CAPTIONS

Fig. 1 Containment building.

Fig. 2 Details of cylinder-base slab intcrsectic~,

Fiy. 3 Details of cylinder-dome intersection.

Fig. 4 Moment distributions in cylindrical porticn of containment.

F:g. 5 Moment distribution in dome portion of centainmment building.

Fig. & ADINA finite element model of containment tuilding.

Fig. 7 Displacement gauge locations.

Fig. ¢ Maximum principal stress contours in tran:ition ring with 1 g plus
post-tensioning loads.

Fig. Y Maximum nrincipal stress contours ii tranzition ring with 54 psiq
(0.38 MPa) internal pressure,

Fig. 10 Static load step history applied to AdILA finite alenent moded.

Fig. 11 Maximum principal stress contours in transition rina with 87 psiy
(0.60 MPa) internal pressure.

Fig. 12 Maximum principal stress contours in transition rina with 91 psin
(0.63 MPa) internal pressure,

Fig. 13 Initial crack pattern at 92 psiq (V.62 Ml a).

Fig., 14 Maximum principal stress contours in Ltransition rica with 9 psiy
(0.63 MPa) internal pressure,

b ig. 15 Pressure transient applied to ADIKA tinite cienert model,

Fig, 16 iirst five mode shapes of dynamic moded,

Fig. 17 1r?nsiunt response of dome apex to T peie g Ml peik prosages
pulse,

Fig.e lo Crack patiern gevelopment ab the domestrongition wing intersect jon
Lo 10.6 ms,

Fige 19 Grack pattern development at the oot e ttion ein s dnterooc e
o 12 ms,

P 0 (rack pattern at tne s e wallapane 20 e .

Fige 1 idner and concrete responre o o ey R R R T AT I

transient,
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